ABSTRACT Visible light communications (VLCs) have become an important and promising supplement to the Wi-Fi network for the coming 5G communications. Photodetectors with narrow field-of-view are essential for parallel data transmission, such as optical attocell networks and spatial multiple-input and multiple-output arrays. Here, we propose a design of sub-millimeter-scale flexible optical sheets with strong angular selectivity. They can be mounted to any photodetectors even with irregular surfaces and significantly narrow the field-of-view (down to 4ř or less) with a plug-and-play feature. These optical sheets pave the way toward unprecedented progress in cell densification and channel capacity for VLC-based 5G networks.
I. INTRODUCTION
Visible light communications have become an appealing complementary alternative for the coming 5G communications, especially for indoor data traffic, due to the features of fast speed, numerous unregulated bandwidth and high security [1] - [4] . Progress in improving LED bandwidths and modulation schemes has pushed the transmission data rates into the level of Giga-bits-per-second (Gbps). Prior work reports an 8 Gbps data link simply using a single-color light-emitting diode (LED) [5] . Parallel data transmission, like multiple-input and multiple-output (MIMO) techniques, further enhance the data rates by simultaneously sending and receiving data signals through multiple channels. Multiple channels can originate either from the color dimension (termed as wavelength division multiplexing [6] - [10] ), or from the space dimension (termed as spatial multiplexing [11] - [15] ). The features of narrow spectral profiles and large angular divergence of single-color LEDs are ideal for wavelength division multiplexing, but leave high-density spatial multiplexing a grand challenge.
The key problem which limits the performance of LED-based spatial multiplexing is attributed to the channel interference caused by adjacent data links. Promising solutions to address this challenge are angle diversity transmitters consisting of multiple narrow-beam LED elements and angle diversity receivers consisting of multiple photodetectors with narrow field-of-view (FoV). Such transmitters and receivers have shown great promise for optical attocell networks, which have been theoretically investigated by Haas and his colleagues [16] , [17] . Yet, the development of practical angle diversity transmitters or receivers so far is still built on the concept of geometric optics with traditional bulky optical components. With their integration into terminals of Internetof-Things in the near future, compact footprints based on flat optical components become more favorable and even possibly essential.
Here we focus on the design of angle diversity receivers using flat optical components. Light selection based purely on the angle of propagation is a major scientific and technological challenge, since the transmission of light is also sensitive to the wavelength. An achromatic metasurface (a periodic array of sub-wavelength scattering elements) using dispersive phase compensation is a possible solution, but till now it can only work for multiple discrete wavelengths [18] , [19] . It is not enough for an ideal angularly selective system of VLC, which should perform over the entire visible light spectrum. In 2014, Shen et al. [20] demonstrated an angularly selective system based on 1D photonic crystals (composed of nanoscale periodic stacks). By tailoring the overlap of bandgaps of multiple 1D photonic crystals, the system preserved the characteristic Brewster modes across a broadband spectrum, and enabled transparency throughout the visible spectrum at the generalized Brewster angle and reflection at every other viewing angle. But the system only worked when it was placed in a tank filled with index-matching liquid.
In this paper, we propose a design of ultra-thin optical sheets for spatial multiplexing of VLC. These optical sheets also utilize the generalized Brewster angle, but their thickness is now at the level of sub-millimeters. The optical sheets have a plug-and-play feature. They can be mounted to any photodetectors and switch them instantly from omnidirectional detectors to unidirectional ones. In addition, the cladding layer can be made of flexible plastics, enabling the optical sheets to fit curvy surfaces and irregular shapes.
II. DESIGN
The schematic diagram of an ultra-thin optical sheet is illustrated in Figure 1 . The optical sheet is composed of patterned quarter-wave stacks of 1D photonic crystals and a cladding layer made of flexible plastics. The semi-angle of the patterned stacks and the distance between adjacent peak of ridges is labelled as α and , respectively. Each stack consists of multiple pairs of alternate high-and lowrefractive-index materials. The number of stacks and pairs is labelled as m and n, respectively. Here we choose the pairs of SiO 2 and Ta 2 O 5 for the stacks. The deposition process of these two materials is mature for practical fabrication. More importantly, both SiO 2 and Ta 2 O 5 have relative constant refractive indicesñ over the entire visible light spectrum, which is the essence of achieving the generalized Brewster angle θ B = tan −1 (ñ 2 /ñ 1 )(=56 • for SiO 2 -Ta 2 O 5 ). At this angle, the incident light with a particular polarization can be perfectly transmitted through the stacks with no reflection and wavelength selectivity. The stacks generate bandgaps of photonic crystals and their bandgap properties depend on the periodicities. By forming a geometric series of periodicities p i = p 0 r i−1 (where p i is the periodicity of the i th stack), the bandgaps shift from blue to red, and consequently form an overall band gap throughout the visible spectrum. In such case, only the light incident at the generalized Brewster angle can propagate through the optical sheets. When the cladding layer has a refractive index matching SiO 2 , the expression of α is simplified to 90 − θ B (=34 • ) so that the light incident normal to the surface of the optical sheet has maximum transmission. On the other hand, as long as the value of is far beyond the wavelength scale, no color dispersion will be introduced into the system. Typical values for ultra-thin optical sheets are hundreds of micrometers, and the corresponding groove depths are at the same scale, therefore the overall thickness can reach down to the sub-millimeter level. The theoretical calculation of transmission as a function of incident angle is conducted by COMSOL Multiphysics, which carries out rigorous calculation based on the finite element method. In practice, the transmission efficiency may be compromised by scattering and other non-ideal effects due to fabrication imperfections.
III. RESULTS AND DISCUSSION
To quantify the performance of the ultra-thin optical sheets, we first calculated the angle-resolved transmission in the xz-plane (illustrated in Figure 1 ) and evaluated the effect of the number of stacks m on the FoV. Figure 2a shows the transmission as a function of the elevation angle θ in the p-polarization with m = 6 and n = 7. p 0 and r is set to be 120 nm and 1.22, respectively. The calculated resolution is 5 nm for the wavelength and 1 • for the angle. Apparently, the transmission reaches its maximum at the incident angle of 0 • and the FoV (defined as the half power semi-angle) is around 8 • . Apart from this, the limited number of stacks has difficulties in keeping the overall bandgap continuous at oblique incident angles. As shown in Figure 2b , with the number of stacks m increased up to 20 and r changed to be 1.054 correspondingly, the bandgaps originated from each stack now have more overlaps at the oblique incident angles, so no allowed bands are observed at oblique angles. Meanwhile, the increased overlaps between bandgaps of adjacent stacks also confine the FoV to only 4 • . Theoretically speaking, an even narrower FoV can be achieved by stacking more quarter-wave stacks with various periodicities together, and the FoV can be engineered to a narrow line when m and n tends to be infinite. It is worth noting that the generalized Brewster angle only exists in the p-polarization, so the transmission in the s-polarization is negligible. Based on the FoV achieved in the 2D detection plane, we now extend the scenario to the full 3D detection hemisphere. In the 3D hemisphere, θ and ϕ represents the elevation angle and azimuthal angle, respectively. The number of stacks m used here is still 20 and the incident light has no polarization preference. For the ridge-shape patterned optical sheets, as shown in Figure 3a , transmission maxima are observed not only at the incident angle of θ = 0 • , but also at a series of angles of θ and ϕ. This is because in these cases the angle between the incident light and the normal to the surface of stacks meets the condition of the generalized Brewster angle as well. Since the ridge-shape pattern is 1D, the angleresolved transmission in each pair of orthogonal detection planes is different. In order to improve the symmetry of angular selectivity, the 1D ridge-shape pattern is replaced by a 2D pyramid square array. Figure 3b shows the transmission as a function of θ and ϕ. Again, the transmission maximum is achieved at θ = 0 • , but the transmission values at oblique incident angles are significantly reduced compared to those observed in the 1D ridge-shape pattern. The 2D pyramid square array shows better symmetry of angular selectivity, since the angle-resolved transmission in each pair of orthogonal detection planes is now identical. The perfect symmetry of angular selectivity along the axis of θ = 0 • can be realized by using a cone-shape hexagonal array. In this case, the angleresolved transmission in any detection planes is identical. As shown in Figure 3c , the maximum transmission can only be achieved at θ = 0 • . The narrow FoV is sensitive only to the elevation angle and insensitive to the azimuthal angle, which is ideal for practical use. Figure 4 illustrates one of the practical application scenarios of these ultra-thin optical sheets. In Figure 4a , the cells in the detector have large FoV so that the channel interference between adjacent cells is significant. In b) , an ultra-thin optical sheet is mounted on the detector to achieve the narrow FoV. I and II are target channels, III and IV are interference channels.
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By mounting an ultra-thin optical sheet on the detector, the FoV is drastically narrowed. Each detector cell points only to one LED cell, therefore eliminating channel interference. These optical sheets can also be applied to spatial MIMO arrays. Without channel interference, a 128 × 128 array can easily reach the level of >100 Tbps using micro-LEDs fabricated by Islim et al. [5] , along with a more compact footprint of transmitter and receiver arrays due to the narrow FoV.
The fabrication feasibility of the ultra-thin optical sheets is an important advantage. SiO 2 and Ta 2 O 5 are frequentlyused materials for the fabrication of photonic crystals. The patterning process involves selective etching and imprint lithography, which are standard procedures of electronics manufacturing. The ultra-thin optical sheets, of course, also have their own limitations. As mentioned, these optical sheets only work for p-polarized light, and they completely reflect any s-polarized light. For the optical sheets based on 1D ridge-shape and 2D pyramid-shape arrays, the maximum transmission of unpolarized incident light can only reach up to 50%. For those based on 2D cone-shape hexagonal arrays, there is an additional 10% loss in maximum transmission caused by the remaining areas which are not covered by the cones. This indicates the achieved narrow FoV comes at a cost of compromising the signal-to-noise ratio, however, the positive contributions to the channel capacity outweighs the negative ones. Theoretically speaking, an ultrathin optical sheet works in both polarizations can be achieved if the magnetic permeability of the materials is similar to their dielectric constant [20] , which may need the aid from artificial metamaterials.
IV. CONCLUSION
In this paper, we demonstrate a design of ultra-thin optical sheets for parallel data transmission in the space dimension. The optical sheets are based on patterned quarter-wave stacks of 1D photonic crystals, and possess the property of angular selectivity by using the generalized Brewster angle. The FoV can reach down to 4 • or less, and the cone-shape VOLUME 5, 2017 hexagonal array of the stacks is able to achieve a true unidirectional detection. With the ultra-thin thickness and flexibility, the optical sheets can be easily mounted onto any detectors and strongly manipulate the FoV. The narrowed FoV has important applications in optical attocell networks and spatial MIMO arrays. These optical sheets pave the way towards unprecedented progress in cell densification and channel capacity for VLC-based 5G networks. 
